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The relation between left ventricular diastolic abnormalities and 
myocardial blood flow during ischemia was studied in eight open 
chest dogs with critical stenoses of the proximal left anterior 
descending and circumflex coronary arteries. The heart was paced 
at 1.7 times the heart rate at rest for 3 min. In dogs with coronary 
stenoses, left ventricular end-diastolic pressure increased from 8 
± 1 to 14 ± 2 mm Hg during pacing tachycardia (p < 0.01) and 
16 ± 3 mm Hg (p < 0.01) after pacing, with increased end-
diastolic and end-systolic segment lengths in the ischemic regions. 
Left ventricular diastolic pressure-segment length relations for 
ischemic regions shifted upward during and after pacing tachy-
cardia in dogs with coronary stenoses, indicating decreased re-
gional diastolic distensibility. In dogs without coronary stenoses, 
the left ventricular diastolic pressure-segment length relation was 
unaltered. Pacing tachycardia without coronary stenoses induced 
an increase in anterograde coronary blood flow (assessed by flow 
meter) in both the left anterior descending and circumflex coro-
nary arteries, and a decrease in regional vascular resistance. 
In dogs with coronary stenoses, regional vascular resistance 
During angina in patients with coronary heart disease, left 
ventricular diastolic pressure is elevated and the left ventric-
ular diastolic pressure-volume relation is shifted upward 
(1-7). Similar decreases in left ventricular diastolic distensi-
bility have been observed after pacing tachycardia in dogs 
with coronary stenoses (8-10). Previous studies focused on 
the hemodynamic effects of demand ischemia and did not 
determine whether transmural myocardial blood flow alter-
ations accompanied the changes in diastolic relaxation. 
Transmural redistribution of myocardial blood flow has been 
reported to occur during exercise and during pacing tachy-
cardia in animals with critical coronary stenoses 01-15). 
Changes in the pattern of myocardial blood flow during 
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before pacing was decreased by 18%; myocardial blood flow 
(assessed by microspheres) was unchanged in both the left anterior 
descending and circumflex coronary artery territories. During 
pacing tachycardia with coronary stenoses, regional coronary 
vascular resistance did not decrease further; subendocardial myo-
cardial blood flow distal to the left anterior descending coronary 
artery stenosis decreased (from 1.03 ± 0.07 to 0.67 ± 0.12 mllmin 
per g, p < 0.01), as did subendocardial to subepicardial blood flow 
ratio (from 1.04 ± 0.09 to 0.42 ± 0.08, p < 0.01). In dogs without 
coronary stenoses, subendocardial myocardial blood flow in-
creased during pacing tachycardia and subendocardial to subepi-
cardial blood flow ratio did not change. 
In conclusion, during pacing tachycardia in the presence of 
coronary stenoses, subendocardial perfusion decreased markedly 
in the ischemic region, possibly reflecting impaired regional 
myocardial relaxation and subendocardial compression due to 
increased left ventricular end-diastolic pressure. 
(J Am Coil CardioI1991;17:781-9) 
tachycardia in humans has also been reported (16). These 
latter studies found either relative or absolute subendocar-
dial ischemia induced by tachycardia in the presence of 
critical coronary stenoses; however, the relation of regional 
myocardial blood flow to left ventricular diastolic mechanics 
was not examined. In the present study, with use of an 
angina physiology model (0), transmural myocardial blood 
flow was measured and left ventricular diastolic relaxation 
and distensibility were assessed simultaneously, allowing 
the relation between these factors to be studied, 
Methods 
Experimental preparation. Eight mongrel dogs weighing 
18 to 28 kg were anesthetized with intravenous alpha-
chloralose 000 mg/kg body weight), after premedication 
with a subcutaneous injection of ketamine (10 mg/kg). The 
dogs were handled according to the Position of the American 
Heart Association on Research Animal Use adopted in 1984, 
The dogs were pretreated with propranolol, 0.5 mg/kg given 
intravenously, to suppress the heightened sympathetic tone 
associated with the anesthetized state and to prevent ven-
tricular fibrillation during ischemia (8). Respiration was 
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Figure 1. Experimental model. Pairs of ultrasonic crystals were 
implanted to measure myocardial segment length. Left ventricular 
(LV) pressure was measured using a high fidelity tip micromanom-
eter. Blood flow of the left anterior descending (LAD) coronary 
artery and the left circumflex (LCX) coronary artery was monitored 
with electromagnetic flow meters (EMF). The left anterior descend-
ing coronary artery was cannulated to measure intracoronary pres-
sure. Critical stenoses were created in this artery and in the left 
circumflex coronary artery with use of small metal clips. Micro-
spheres were injected into the left atrium (LA) to measure myocar-
dial blood flow. Ao = aorta; PA = pulmonary artery; RV = right 
ventricle. 
maintained with room air by a Harvard pump by way of an 
endotracheal tube. A left thoracotomy was peIformed and 
the pericardium was opened widely to make a pericardial 
cradle. A pair of pacing electrodes was sutured to the left 
atrial appendage for rapid atrial pacing (Fig. 1). A high 
fidelity micromanometer (Millar instruments PC-480) was 
inserted into the left ventricle via the right carotid artery. 
Another high fidelity micro manometer was inserted into the 
right femoral artery and advanced to the ascending aorta. 
Two pairs of ultrasonic crystals were implanted in the 
subendocardium to monitor segmental wall motion of the left 
ventricular free wall; one pair was in the left anterior 
descending coronary artery territory and the other in the 
circumflex coronary artery territory. Crystals were placed in 
the inner third of the myocardium, following the technique of 
Gallagher et al. (17), who chose this location because of the 
relatively homogeneous fiber orientation at this distance 
from the endocardial suIface. 
Proximal segments of the left anterior descending and left 
circumflex coronary arteries were dissected from connective 
tissue, and electromagnetic flow probes (Biotronex BL-5030) 
were placed snugly around the arterial segments. Flow zero 
was determined by briefly occluding the coronary artery. 
Each flow probe was calibrated with use of an excised 
arterial segment and whole blood after the experiment. 
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Another portion of the mid-left anterior descending coronary 
artery was isolated and a 22G Teflon cannula was inserted 
retrogradely into the artery. lntracoronary pressure was 
measured with a Statham P23 ID pressure transducer by way 
of this cannula. A Honeywell/Electronics for Medicine re-
search recorder was used to record hemodynamic variables. 
Pacing tachycardia without coronary stenoses (control). 
After baseline measurement of left ventricular pressure, 
ascending aortic pressure, intracoronary pressure, coronary 
blood flow and myocardial segment length, rapid atrial 
pacing 0.5 to 1.7 times heart rate at rest) was peIformed 
with a Grass SD-9 stimulator for 3 min. Hemodynamic data 
were recorded during pacing tachycardia and for 5 min after 
the cessation of pacing. 
Pacing tachycardia with critical coronary stenoses. Fifteen 
minutes after the control pacing-tachycardia study, critical 
stenoses were created on both proximal coronary arteries 
with use of small metal clips placed distal to the electromag-
netic flow probes. The gap diameter of the clips was adjusted 
with use of a commercially available gap gauge so that mean 
anterograde coronary flow was reduced by about 30%. If the 
stenosis was too severe, obvious systolic dysfunction in 
segmental wall motion (ultrasonic crystals) occurred and the 
stenosis was reduced immediately until the wall motion was 
restored to normal. The heart was then paced again for the 
same time period (3 min) and at the same heart rate 0.5 to 
I.7 times heart rate at rest) as in the control pacing study. 
Hemodynamic data were recorded before, during and for 
5 min after pacing tachycardia. 
Microsphere protocol to measure blood flow. To study 
regional myocardial blood flow, micro spheres were injected 
before and at 2.5 min of pacing tachycardia with and without 
coronary stenoses. Microspheres (diameter 15 pm, New 
England Nuclear) labeled with five species of radioactive 
material (cobalt-57, Sn-113, rubidium-l03, niobium-95 and 
scandium-46) were suspended in 0.01% Tween-SO (polysor-
bate) and 5% dextran solution and agitated in an ultrasonic 
bath for 5 min before injection. Approximately 1.3 to 2.S x 
106 microspheres of each isotope-labeled microsphere prep-
aration were injected into the left atrium through a short 
(12 cm) 6F catheter. For each injection, a blood sample was 
collected for 90 s with use of a 9F catheter placed in the aorta 
and a withdrawal pump (Harvard apparatus) at a rate of 
15 ml/min. 
At the end of each experiment, methylene blue and 
gentian violet were injected into the left anterior descending 
and left circumflex coronary arteries at the level of the 
stenoses to confirm areas peIfused by coronary arteries 
distal to the level of stenosis. Then, the heart was excised 
and muscle samples were obtained from 1) the left anterior 
descending territory distal to the stenosis, 2) the left circum-
flex territory distal to the stenosis, 3) normally peIfused left 
ventricular myocardium (peIfused by vessels originating 
proximal to the coronary stenoses) and 4) interventricular 
septum. At least six muscle pieces weighing 1 to 1.5 g were 
obtained from each area. Adipose tissue, papillary muscle 
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Table 1. Hemodynamic Changes in Response to Pacing Tachycardia in Eight Dogs Without and With Coronary Stenoses 
Without Coronary Stenoses With Coronary Stenoses 
Immediately Immediately 
Pre-PAC PAC After PAC Pre-PAC PAC Mter PAC 
HR (beats/min) 127 ± 7 206 ± 5t 124 ± 3 130 ± 7 215 ± 4§ 132 ± 10 
LVP (mm Hg) 
Peak systolic 128 ± 6 113 ± 9* 118 ± 7 127 ± 3 110 ± 8 108 ± 7:j: 
MOP 6±1 5 ± I 6 ± I 6 ± 1 13 ± 2§ 12 ± 2§ 
EOP 7 ± 1 5 ± 2 8 ± 1 8 ± 2 14 ± 2§ 16 ± 3§ 
SL in LAO region 
End-diastolic (mm) 11.1 ± 0.5 10.2 ± 0.5* 11.2 ± 0.5 11.5 ± 0.4 11.4 ± OJ 12.1 ± 0.4§ 
End-systolic (mm) 9.2 ± 0.6 8.9 ± 0.6 9.4 ± 0.6 9.7 ± 0.4 10.7 ± 0.5 10.5 ± 0.5§ 
% shortening 17.2 ± 2.4 12.8 ± 1.7* 14.7 ± 1.9 15.5 ± 1.8 12.7 ± 2.6 12.1 ± 1.2:j: 
SL in LCx region 
End-diastolic (mm) 10.9 ± 0.7 10.6 ± 0.7* 10.9 ± 0.7 11.1±0.7 11.5 ± 0.7:j: 12.0 ± 0.7§ 
End-systolic (mm) 9.6 ± 0.7 9.2 ± 0.7* 9.7 ± 0.6 9.7 ± 0.7 10.7 ± 0.7:j: 10.9 ± 0.7§ 
% shortening 12.2 ± 1.3 12.5 ± 2J 11.8 ± 0.8 12J ± 1.2 7.6 ± 1.6:j: 9.1 ± 1.3 
LV dP/dt (mm Hg/s) 
Peak positive 1800 ± 90 2110 ± 230 1720 ± 140 1800 ± 130 1890 ± 200 1640 ± 250 
Peak negative 2000 ± 140 1890 ± 260 1910 ± 200 1950 ± 120 1630 ± 210 1390 ± 19O:j: 
Time constant (ms) 
TD 50 ± 4 52 ± 5 49 ± 3 77 ± 1O§ 
TL 38 ± 3 42 ± 4 40 ± 2 54 ± 4§ 
*p < 0.05: tp < 0.01 versus control period before pacing tachycardia (Pre-PAC) without coronary stenoses::j:p < 0.05; §p < 0.01 versus control period before 
pacing tachycardia with coronary stenoses. EOP = end-diastolic pressure; HR = heart rate; LAO = left anterior descending coronary artery; LCx = left 
circumflex coronary artery; LVP = left ventricular pressure; MOP = minimal diastolic pressure: PAC = pacing tachycardia; Pre-PAC = control period before 
pacing tachycardia; SL = segment length; T D = time constant calculated from derivative of pressure; T L = time constant calculated from logarithm of pressure. 
Figure 2. Hemodynamic data from a dog without 
coronary stenoses. Anterograde blood flow (mil 
min) in the left anterior descending coronary 
artery (CBFLAD) and the left circumflex coronary 
artery (CBFLCX)' first derivative of left ventricu-
lar pressure (dP/dt) , left ventricular pressure 
(L VP), aortic pressure (AoP), intracoronary 
pressure (lCP) in the left anterior descending 
coronary artery and segment lengths of left ante-
rior descending coronary artery region (SLLAD) 
and left circumflex coronary artery region 
(SLLCXJ in the control period before pacing 
(PRE-PAC), during pacing tachycardia (PAC) 
and 5 s after pacing tachycardia (POST-PAC). 
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and trabeculae were removed from myocardial samples. Each 
piece was divided into subendocardial, middle and sUbepicar-
dial layers (pieces from the interventricular septum were di-
vided into left ventricular subendocardial, midseptal and right 
ventricular subendocardial layers) for separate analysis. 
Radioactivity in the myocardial samples and in blood was 
counted at the specific window of each radionuclide with use 
of a Packard 5130 gamma scintillation well counter. Myocar-
dial blood flow was determined with a Tektronix 4052 com-
puter system as follows. The counts of radioactivity were 
corrected for background and for concomitant activity contrib-
uted by the associated radionuclides. Blood flow of each 
myocardial sample (FM) is given by the following assumptions: 
FM (ml/min per g) = (FB)(CM)/(CB)(l/W), where FB = flow 
rate of withdrawal pump (ml/min), CM = corrected counts in 
myocardial sample at a specific window (counts/min), CB = 
counts in reference blood sample withdrawn, and W = weight 
of the sample in grams (18). 
Data analysis. Left ventricular pressure and myocardial 
segment length were digitized at 5 ms intervals from high speed 
recordings, and pressure-segment length loops were con-
structed using a Tektronix 4052 graphic computer system. The 
time constant T of left ventricular isovolumetric relaxation was 
calculated from both the logarithm of pressure (19) and the first 
derivative of pressure (20,21). These time constants were 
termed T Land T D' respectively. As an index of demand for 
coronary flow or myocardial O2 consumption, the rate-
pressure product was calculated as heart rate x left ventricular 
peak systolic pressure. The systolic pressure time index was 
also calculated by measuring the area beneath the systolic 
portion of the aortic pressure tracing, expressed as mm Hg x 
s/min. 
As an estimate of the driving force for anterograde left 
anterior descending coronary bloodfiow, a diastolic pressure-
time index was calculated by integrating the diastolic pressure 
difference between diastolic pressure of the left anterior de-
scending coronary artery distal to the stenosis and left ventric-
ular pressure. End-diastole was defined using the peak of the R 
wave of the electrocardiogram (ECG) and peak negative first 
derivative of left ventricular pressure (dP/dt) was regarded as 
marking end-systole. Vascular resistance of the distal left 
anterior descending coronary artery was calculated by dividing 
the mean distal left anterior descending artery pressure by the 
mean anterograde left anterior descending coronary flow mea-
sured by electromagnetic flow probe. 
Statistical analysis. Hemodynamic data and regional 
myocardial blood flow (microsphere) before, during and 
after pacing were compared using analysis of variance. 
Differences were considered to be statistically significant at 
p < 0.05. Values are mean ± SEM. 
Results 
Hemodynamic changes during and after pacing tachycardia 
without coronary stenoses (Table 1, Figs. 2 and 3). Without 
coronary stenoses, left ventricular systolic pressure was 
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Figure 3. Left ventricular diastolic pressure (L VP)-segment length 
(SL) relations before (PRE), during (PAC) and 5 s after (POST) 
pacing tachycardia in three dogs (Dogs I, 4 and 7) without coronary 
stenoses. Pressure-segment length relations showed no consistent 
upward or downward change. Abbreviations as in Figure 2. 
unchanged after pacing tachycardia. Left ventricular mini-
mal and end-diastolic pressure were unchanged during and 
immediately after pacing tachycardia. Segment lengths in 
left anterior descending and left circumflex regions tended to 
decrease during pacing, and returned to prepacing values 
after pacing was terminated. Peak positive dP/dt, peak 
negative dP/dt and the time constants of left ventricular 
relaxation. T Land T D. were all unchanged. Left ventricular 
diastolic pressure-segment length relations were essentially 
unchanged during and immediately after pacing tachycardia. 
Hemodynamic changes during and after pacing tachycar-
dia with critical coronary stenoses (Table 1, Figs. 4 and 5). In 
contrast to pacing tachycardia without stenoses, left ventric-
ular minimal and end-diastolic pressure were elevated during 
pacing tachycardia and remained elevated for more than 30 s 
after termination of pacing, gradually returning to baseline 
level after I to 2 min. End-systolic and end-diastolic segment 
lengths in both ischemic areas were greater after pacing 
tachycardia. Fractional shortening of the myocardial seg-
ment decreased in the left anterior descending artery region 
and tended to decrease (p = 0.06) in the left circumflex 
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Figure 4. Hemodynamic recordings in the con-
trol period before pacing (PRE-PAC), during pac-
ing (PAC) tachycardia and 5 s after pacing 
(POST-PAC) tachycardia in a dog with critical 
coronary stenoses. Anterograde coronary blood 
flow (CBF) decreased slightly in both arterial 
territories during pacing tachycardia. Left ven-
tricular diastolic pressure (L VP) increased during 
and immediately after pacing. Segmental wall 
motion (SLLAD and SLLCX) was mildly depressed 
with pacing tachycardia. Abbreviations as in Fig-
ure 2. 
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artery region. Peak negative dP/dt decreased after pacing 
tachycardia, although peak positive dP/dt was unchanged. 
Time constants T Land T D were both substantially prolonged 
after pacing tachycardia. Left ventricular diastolic pressure-
segment length relations shifted upward during pacing tachy-
cardia and this upward shift persisted for 30 to 60 s after 
pacing tachycardia (Fig. 5). 
Coronary hemodynamics during pacing tachycardia (Table 
2). Anterograde coronary blood flow, measured with elec-
tromagnetic flow probes on both the left anterior descending 
and left circumflex coronary arteries, increased during pac-
ing tachycardia in dogs without stenoses, and coronary 
vascular resistance in the left anterior descending coronary 
artery decreased by 35 ± 3% (p < 0.01) during pacing. In the 
presence of coronary stenoses, anterograde coronary flow 
decreased by 27 ± 7% (p < 0.01) in the left anterior 
descending artery and by 26 ± 9% (p < 0.01) in the left 
circumflex artery. Mean perfusion pressure in the left ante-
rior descending artery distal to the stenosis decreased from 
114 ± 8 to 67 ± 5 mm Hg (p < 0.01) and vascular resistance 
in the distal artery was lower than control by 18 ± 8% (p < 
0.05). However, during pacing tachycardia in the presence of 
coronary stenoses, coronary vascular resistance increased 
and remained elevated after termination of pacing. The 
diastolic pressure-time index, an index of diastolic perfusion 
pressure of the left anterior descending coronary artery, 
decreased by 59% in dogs with coronary stenoses and 
decreased further during pacing tachycardia. 
PRE-PAC PAC POST-PAC 
Regional myocardial blood flow (Table 3), During pacing 
tachycardia in dogs without coronary stenoses, myocardial 
blood flow increased uniformly in each layer and the trans-
mural flow ratio was unchanged. With stenoses on the 
proximal left anterior descending and left circumflex coro-
nary arteries, total and regional myocardial blood flow were 
preserved in the regions distal to the stenoses. However, 
during pacing tachycardia subendocardial blood flow de-
creased to 65% of the prepacing level, subepicardial flow 
increased and the subendocardial/subepicardial ratio fell 
markedly. In a nonischemic area surrounded by two 
ischemic regions, absolute myocardial blood flow in each 
layer was increased. However, the subendocardial! 
subepicardial ratio was lower than during pacing tachycardia 
in dogs without coronary stenoses. In the interventricular 
septum (perfused by the septal artery which originates 
proximal to the left anterior descending stenosis), myocar-
dial blood flow was increased in each layer with pacing 
tachycardia. 
Relation between diastolic abnormalities and myocardial 
perfusion during pacing-induced ischemia (Fig. 6). As an 
index of diastolic abnormality, the post -pacing increase in 
left ventricular end-diastolic pressure was plotted against 
transmural perfusion ratio at the end of pacing tachycardia. 
There was an inverse relation between these variables, 
which could be fit by a hyperbolic function (r = 0.91, P < 
0.05). 
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Figure S. Left ventricular diastolic pressure (L VP)-segment length 
(SL) relations with pacing-induced ischemia in three dogs (Dogs 1,4 
and 7) with coronary stenoses on .the left anterior descending and 
left circumflex coronary arteries. Diastolic pressure-segment length 
relations were shifted upward in both left anterior descending (LAD) 
and left circumflex (LeX) regions, and this upward shift was 
maintained for 30 to 60 s after termination of pacing tachycardia. 
Unidentified abbreviations as in Figure 3. 
Discussion 
Diastolic pressure-volume relation in pacing-induced isch-
emia. As in previous studies (8-10), an upward shift in the 
left ventricular diastolic pressure-segment length relation in 
a period immediately after pacing tachycardia was seen only 
in the presence of critical coronary stenoses. Since incom-
plete relaxation can be seen in the normal heart if there is 
insufficient diastolic time for relaxation between beats (22), 
an upward shift may be seen occasionally during rapid 
tachycardia in a heart without coronary stenoses. However, 
these transient upward shifts disappear immediately after 
termination of pacing tachycardia. In contrast, in a heart 
with critical coronary stenoses, an upward shift is seen 
consistently during pacing tachycardia and persists for a 
variable period (usually 30 to 60 s) after pacing tachycardia 
(10). As noted previously (23), the degree of elevation of left 
ventricular end-diastolic pressure after pacing tachycardia in 
patients with coronary artery disease is dependent on the 
lACC Vol. 17, No.3 
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mass of myocardium that has become ischemic. In the 
clinical setting, an upward shift in the left ventricular dias-
tolic pressure-volume relation is nearly always seen during 
angina in patients with three vessel coronary disease, but 
only occasionally in patients with single vessel or small 
branch disease. In our canine model of angina physiology, 
stenoses in two major coronary arteries are required to 
consistently produce an upward shift in the left ventricular 
diastolic pressure-volume or pressure-segment length rela-
tionship after the stress of brief tachycardia (8-10). 
Coronary flow and myocardial flow in pacing-induced 
ischemia. In the present study, during pacing tachycardia in 
dogs without coronary stenosis anterograde coronary flow 
(measured with an electromagnetic flow meter) and myocar-
dial blood flow (measured with radioactive microspheres) 
increased similarly, with a decline in coronary vascular 
resistance. The increase in flow was proportional to the 
increase in indexes of O2 consumption (systolic pressure-
time index increased by 17% and rate-pressure product 
increased by 43%) while the transmural flow ratio was 
unchanged. Increased myocardial flow in response to tachy-
cardia was more prominent in previous studies (12,24) using 
dynamic exercise in the dog, probably because of higher 
myocardial oxygen demand with exercise than with pacing 
tachycardia. 
After placement of coronary stenoses in our study, anter-
ograde coronary flow measured with electromagnetic flow 
meters on the proximal coronary arteries was decreased by 
27% in the left anterior descending artery and by 25% in the 
left circumflex artery. However, myocardial blood flow 
measured with microspheres was preserved. This discrep-
ancy between anterograde coronary flow and myocardial 
flow probably reflects additional blood flow supply through 
physiologic collateral vessels, which are abundant in dogs 
(25,26). Superimposed pacing tachycardia failed to increase 
anterograde coronary blood flow in the dogs with critical 
coronary stenoses. Subendocardial flow (microspheres) ac-
tually decreased, whereas subepicardial flow increased. The 
transmural flow ratio decreased markedly, although total 
transmural myocardial flow did not change. A similar redis-
tribution of myocardial blood flow has been observed after 
pacing tachycardia (11,13,15), exercise (14,24) and adeno-
sine infusion (27) in the presence of a critical coronary 
stenosis. 
Causes of reduced subendocardial and increased subepicar-
dial flow in ischemia (Fig. 7). During pacing tachycardia with 
coronary stenoses, myocardial oxygen demand in the isch-
emic area would be expected to increase initially. However, 
in the presence of critical stenoses, compensatory mecha-
nisms are not sufficient to allow myocardial blood flow to 
increase in proportion to the increment of myocardial O2 
demand, and relative myocardial ischemia develops, as 
evidenced by depression of high-energy phosphate content 
and decreased tissue pH in the subendocardium (28). Our 
working hypothesis is that relative or demand-type ischemia 
leads to impaired relaxation of myocytes in the subendocar-
JACC Vol. 17, No.3 
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Table 2. Coronary Hemodynamics in Response to Pacing Tachycardia in Eight Dogs Without and With Coronary Stenoses 
Without Coronary Stenoses With Coronary Stenoses 
Immediately Immediately 
Pre-PAC PAC After PAC Pre-PAC PAC After PAC 
Mean AoP (mm Hg) 114 ± 8 104 ± 9 108 ± 8 113 ± 3 105 ± 10 99 ± 10 
Mean ICP (mm Hg) 112 ± 8 102 ± 9 106 ± 8 67 ± 5t 63 ± 6t 61 ± 8t 
CBFLAD 
(mJJmin) 26 ± 2 35 ± 2* 27 ± 4 19 ± 3* 16 ± 2 15 ± 2 
(%) 100 136 ± 16* 105 ± II 73 ± 7t 60 ± 9t 57 ± 8t 
CBFLCX 
(mJJmin) 28 ± 3 38 ± 4* 34 ± 5 21 ± 4* 23 ± 3 22 ± 4 
(%) 100 136 ± 16* 112 ± 22 74 ± 9t 84 ± 9 82 ± 14 
CVRLAD 
(mm Hg/mJJmin) 4.8 ± 0.5 3.1±0.4* 4.4 ± 0.6 4.0 ± 0.6 4.9 ± 1.0 4.7 ± 0.9 
(%) 100 65 ± 3t 92 ± 9 82 ± 7* 105 ± 17 95 ± 9 
RPP (mm Hg beat/min) 16,600 ± 2,370 23,400 ± 2,100' 15.300 ± 1.650 16,340 ± 690 23,430 ± 1,600* 14,380 ± 1,650 
SPTI (mm Hg s/min) 2,140 ± 200 2,610 ± 280t 2,150 ± 190 2,240 ± 70 2,690 ± 180§ 1,940 ± 180 
DPTI (mm Hg s/min) 3,380 ± 250 2.390 ± 260t 3,280 ± 250 1.400 ± 160t 670 ± 120t§ 1,140 ± lOOt 
*p < 0.05; tp < 0.01 versus prepacing (Pre-PAC) value without coronary stenoses; *p < 0.05; §p < 0.0\ versus prepacing value with coronary stenoses. 
AoP = aortic pressure; CBFLAD = coronary blood flow measured with electromagnetic flow meter in the left anterior descending coronary artery; CBFLCX = 
coronary blood flow in the left circumflex coronary artery; CVRLAD = coronary vascular resistance distal to the stenosis on the left anterior descending coronary 
artery; DPTr = diastolic pressure-time index; rcp = intracoronary pressure; RPP = rate-pressure product (heart rate x peak systolic pressure); SPTr = systolic 
pressure-time index. 
Table 3. Myocardial Blood Flow (mllmin/g) Measured Using Radioactive Microspheres During Pacing Tachycardia in Eight Dogs Without 
and With Coronary Stenoses 
Without Coronary Stenoses With Coronary Stenoses 
Pre-PAC PAC Pre-PAC PAC 
LAD region 
Epi 1.05 ± 0.09 1.33 ± 0.10 1.00 ± 0.11 1.63 ± 0.13§ 
Mid 1.11 ± 0.11 1.40±0.10' 1.10±0.11 1.16 ± o.m 
Endo 1.06 ± 0.08 1.43 ± 0.13* 1.03 ± 0.07 0.67 ± o.m~ 
Total 1.05 ± 0.10 1.39 ± 0.11* 1.07 ± 0.05 1.15 ± 0.14 
Endo/epi 1.08 ± 0.07 1.07 ± 0.05 1.04 ± 0.09 0.42 ± 0.08§ 
LCx region 
Epi 1.03 ± 0.08 1.44 ± 0.11* 0.97 ± 0.09 1.64 ± 0.16§ 
Mid 1.18 ± 0.09 1.51 ± 0.12* 1.04 ± 0.09 1.28 ± 0.2011 
Endo 1.20 ± 0.09 1.49 ± 0.13* 1.12 ± 0.10 0.75 ± 0.19n 
Total 1.14 ± 0.08 1.48 ± 0.12* 1.04 ± 0.09 1.23 ± 0.18 
Endo/epi 1.19 ± 0.08 1.05 ± 0.06 1.16 ± 0.05 0.48 ± 0.12§ 
Ni region 
Epi 1.22 ± 0.11 1.53 ± 0.14* 1.13 ± 0.09 1.96 ± 0.19§ 
Mid 1.33 ± 0.11 1.69 ± 0.16* 1.19 ± 0.10 1.99 ± 0.16§ 
Endo 1.20 ± 0.09 1.62 ± 0.12t 1.11 ± 0.08 1.67 ± O.l2§ 
Total 1.25 ± 0.10 1.61 ± 0.14t 1.15 ± 0.09 1.88 ± 0.16§ 
Endo/epi 1.00 ± 0.04 1.07 ± 0.06 1.01 ± 0.06 0.87 ± 0.05** 
IVS 
Epi 0.98 ± 0.07 1.35 ± 0.11* 0.87 ± 0.06 1.67 ± O.l5§ 
Mid 1.24 ± 0.12 1.53 ± 0.15* 0.96 ± 0.09 1.91 ± 0.19§ 
Endo 1.27 ± 0.11 1.49 ± 0.14 1.14 ± 0.12 1.68 ± O.l6§ 
Total 1.16 ± 0.10 1.45 ± 0.14* 0.98 ± 0.23 1.76 ± o.m 
Endo/epi 1.30 ± 0.07 1.10 ± 0.05* 1.29 ± 0.09 1.01 ± O.lM 
*p < 0.05; tp < 0.01 versus prepacing (Pre-PAC) value without coronary stenoses; *p < 0.05; §p < 0.01 versus prepacing value with coronary stenoses, 
lip < 0.05; ~p < 0.01 versus epi; **p < 0.05 versus pacing without stenoses. Endo = subendocardial layer (or left ventricular subendocardial layer of 
interventricular septum); Epi = subepicardial layer (or right ventricular subendocardial layer of interventricular septum); IVS = interventricular septum; Mid = 
middle layer; NI = nonischemic. Other abbreviations as in Table I. 
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Figure 6. Relation between transmural myocardial blood flow ratio 
and changes in left ventricular end-diastolic pressure (LVEDP) in 
pacing-induced ischemia. dL VEDP = left ventricular end-diastolic 
pressure immediately after pacing tachycardia minus left ventricular 
end-diastolic pressure before pacing tachycardia; endo/epi = suben-
docardial/subepicardial blood flow ratio during pacing tachycardia. 
dium and a decrease in myocardial diastolic distensibility 
(28,29). This impaired relaxation and decreased diastolic 
distensibility presumably result in increased subendocardial 
coronary vascular compression during diastole, potentially 
causing further ischemia. Thus, a vicious cycle may result 
(Fig. 7) that can be expected to continue until depressed 
myocardial systolic function reduces O2 demand to the point 
where it is matched by the available myocardial perfusion. 
Another possibility for the decreased subendocardial and 
increased subepicardial flow is the contribution of intramyo-
Figure 7. Hypothesis interrelating coronary perfusion and myocar-
dial diastolic properties in pacing-induced ischemia. LV = left 
ventricular. 
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cardial coronary venous pressure. Compression of the 
subendocardial veins by elevated diastolic pressure may 
cause redistribution of arterial flow toward the epicardium. 
Vasodilator reserve during ischemia. Myocardial blood 
flow in the subepicardial layer was increased during pacing 
tachycardia in dogs with coronary stenoses. The increase in 
subepicardial flow indicates that coronary arterioles of this 
layer may still be able to dilate in the presence of critical 
stenoses. Persistent subepicardial arteriolar vasodilator re-
serve in the presence of critical coronary stenoses has been 
described previously (27). 
Unused vasodilator reserve is present in the subendocar-
dium during reduced flow ischemia in dogs (30) and pigs (31). 
This vasodilator reserve was not available in response to the 
ischemia alone, but could be demonstrated in response to 
intracoronary infusion of adenosine. In our studies, flow 
actually decreased in the subendocardium in response to 
demand type ischemia; since coronary perfusion pressure 
(measured distal to the stenosis) was constant, resistance to 
flow must have actually increased. This is consistent with 
the previously reported effects of impaired diastolic relax-
ation (32) and increased left ventricular diastolic pressure 
(33) on subendocardial resistance and perfusion. 
Myocardial flow in the nonischemic area. The suben-
docardial/subepicardial ratio was also decreased in the 
nonischemic myocardial area during pacing tachycardia in 
dogs with coronary stenoses. The mechanism of this phe-
nomenon is unclear because it might be expected that 
subendocardial flow in the nonischemic area would be 
maintained by autoregulatory mechanisms. Both the ele-
vated left ventricular diastolic pressure and the slowed left 
ventricular pressure decay resulting from impaired relax-
ation in the ischemic region (prolonged T Land To, Table 1) 
in this model would tend to increase extravascular compres-
sion to the subendocardium considerably, even in myocar-
dial regions perfused by normal coronary vessels. Coronary 
steal through the physiologic collateral circulation between 
normal subendocardium and ischemic subendocardium may 
also have contributed to the alteration of the transmural 
distribution of myocardial blood flow. 
Conclusions. Pacing tachycardia in the presence of criti-
cal coronary stenoses resulted in impaired relaxation and 
decreased regional myocardial distensibility, presumably 
initiating a decrease in subendocardial blood flow to the 
ischemic region. This decline in subendocardial flow was 
most likely aggravated by extrinsic compression of suben-
docardium and its coronary vasculature as a result of in-
creases in left ventricular end-diastolic pressure and slowed 
decay in the early diastolic left ventricular pressure wave-
form. 
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